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Recent interest in topological semimetals has lead to the proposal of many new topological phases that can be
realized in real materials. Next to Dirac and Weyl systems, these include more exotic phases based on manifold
band degeneracies in the bulk electronic structure. The exotic states in topological semimetals are usually
protected by some sort of crystal symmetry and the introduction of magnetic order can influence these states
by breaking time reversal symmetry. Here we show that we can realize a rich variety of different topological
semimetal states in a single material, CeSbTe. This compound can exhibit different types of magnetic order
that can be accessed easily by applying a small field. It allows, therefore, for tuning the electronic structure
and can drive it through a manifold of topologically distinct phases, such as the first nonsymmorphic magnetic
topological material with an eight-fold band crossing at a high symmetry point. Our experimental results are
backed by a full magnetic group theory analysis and ab initio calculations. This discovery introduces a realistic
and promising platform for studying the interplay of magnetism and topology.
PACS numbers: 71.20.Eh, 61.05.fm, 75.50.Ee, 81.05.Bx
INTRODUCTION
In recent years, the field of topological semimetals has
flourished due to the discovery of many materials that exhibit
highly exotic physical properties that are a result of massless
quasiparticles, which dominate the transport properties [1–
12]. For example, 3D Dirac semimetals (3D DSMs) and Weyl
semimetals (WSMs) have been shown to host unusual elec-
tronic transport properties, evident by their ultra high carrier
mobility, their extremely large magnetoresistance and indica-
tions of the chiral anomaly [13–22]. The current vast progress
in the field draws the prospect of developing new spintronic
devices based on topological materials closer [23, 24]. In or-
der to overcome existing limitations, such as the necessity
of high magnetic fields to access several topological effects,
new and improved materials are of high demand. Especially
materials that exhibit long range magnetic order in combina-
tion with topologically non trivial band structures, are sparse.
However, it is exactly these type of materials that may solve
present challenges for spintronic applications [25].
3D DSMs exhibit a four-fold degenerate point in their elec-
tronic structure, which is a result of a crossing of two doubly
degenerate bands. If inversion symmetry (IS) or time reversal
symmetry (TRS) is broken in a 3D DSM, the doubly degen-
erate bands become spin split, resulting in double degener-
ate band crossings called Weyl nodes [26]. While, through
IS breaking, WSMs have been established for some time
[9, 27–33], there are only very few examples of TRS breaking
WSMs, examples being GdPtBi or cobalt based Heusler al-
loys [34–36]. Antiferromagnetic DSMs are even more rarely
found [37]. Contrary to most 3D DSMs and WSMs, where
the band degeneracy is dependent on the orbital character of
the bands, materials that crystallize in nonsymmorphic space
groups exhibit band degeneracies that are imposed by the
space group symmetry [38–42]. These degeneracies are guar-
anteed to be present if a nonsymmorphic symmetry opera-
tion relates atoms in the crystal structure. This concept has
been used to predict DSMs as well as completely new quasi-
particles (the so-called new fermions), beyond Dirac, Weyl or
Majorana fermions [40, 41]. These, yet to be discovered, new
fermions are not constrained by Poincare´ symmetry, they only
exist in the solid state, and have no high energy counterparts
[40]. Their unusual Landau level structure distinguishes them
from normal Weyl points. The concept of creating such new
quasi-particles is based on the possibility of achieving three-,
six- or eight-fold band degeneracies in nonsymmorphic space
groups. But whether these degeneracies appear at the Fermi
level depends on the electron filling, which complicates the
search for such topological semimetals [43–45]. Three-fold
degeneracies can also appear coincidentally in materials with
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2only symmorphic symmetries [46, 47]. So far, only very few
materials have been experimentally shown to exhibit degen-
eracies protected by nonsymmorphic symmetry, examples be-
ing ZrSiS and ZrSiTe [45, 48, 49]. It has also not yet been
studied experimentally how magnetism and thus TRS break-
ing affects the band degeneracies that result from nonsymmor-
phic symmetry, mostly due to a lack of such candidate mate-
rials. A magnetic nonsymmorphic compound could be a new
type of magnetic Weyl semimetal that combines long range
magnetic order with new quasi-particles.
In times where many topological materials have been real-
ized, the challenge to introduce compounds that combine sev-
eral different states in a single material and allow for switch-
ing between these different topological states, remains. Here
we show that the compound CeSbTe exhibits Dirac and Weyl
fermions, and that both types, nonsymmorphically protected
and accidental band crossings, are present in the vicinity of the
Fermi level. We also show that this material can exhibit more
exotic three-fold and eight-fold degeneracies. While CeSbTe
is centrosymmetric, TRS can be broken by applying a very
small magnetic field. CeSbTe orders antiferromagnetically
below TN = 2.75 K at zero field but undergoes a metamag-
netic transition to a fully polarized state under a small field
of about 0.25 T. This magnetically fully polarized state with
ferromagnetic-like (FM-like) polarization will be referred to
as FM phase within this manuscript. We show with detailed
magnetic measurements combined with ab initio calculations
and ARPES measurements that this material allows for easy
access to a plethora of different Dirac and Weyl states, of
which some have not previously been realized in a real mate-
rial. Using the recently implemented double group representa-
tions [50–53], we performed a group theory analysis [40, 50–
55] that supports our ab initio claims of the existence of pro-
tected Dirac and Weyls nodes, as well as three- and eight-fold
crossings at high symmetry points or lines, thus presenting
the first realization of a nonsymmorphic topological material
that exhibits other than four-fold degeneracies. We also show
that AFM order allows to access new fermion states in space
groups that have previously not been considered.
METHODS AND EXPERIMENTAL RESULTS
Single crystals were grown with iodine vapor transport.
The crystal structure was solved with single crystal x-ray
diffraction (SXRD), neutron diffraction and electron diffrac-
tion (see supplemental information (SI) for details). Mag-
netic measurements were performed on a MPMS-XL and a
PPMS equipped with a VSM option from Quantum Design.
Specific heat measurements were performed on a PPMS from
Quantum Design. Powder neutron diffraction data were col-
lected on the WISH instrument at ISIS, Harwell Oxford [56]
(see SI for details). For ARPES measurements crystals were
cleaved and measured in ultra-high vacuum (low 10−10 mbar
range). Spectra were recorded with the 12-ARPES experi-
ment installed at the UE112-PGM2a beamline at BESSY-II in
Berlin. The spectra were taken at room temperature. Density
functional theory (DFT) calculations were performed using
the augmented plane wave method as implemented in the Vi-
enna ab-initio Simulation Package (VASP) [57]. Due to the
presence of Ce-f electrons, we have considered the exchange-
correlation energy by the DFT+U method with U = 4 eV
added to the Ce atoms [58], reproducing the experimentally
measured magnetic moment. All the electronic structures are
calculated based on experimental lattice constants, including
spin orbit coupling (SOC).
Figure 1 shows a drawing of the crystal structure of
CeSbTe; an image of a typical single crystal is shown in
the inset. Contrary to a previous report [59], which re-
ported CeSbTe to crystallize in the orthorhombic space group
Pnma (No. 62), we find it to crystallize in the tetragonal space
group P4/nmm (No. 129), as evidenced by the refined neu-
tron diffraction data (Fig. 1). SXRD and precession electron
diffraction (PED) yielded the same result (see SI for details).
With PED, we do not detect any of the additional reflections
that would be expected for space group Pnma (Fig. 1 in the
SI). Thus, CeSbTe is an isostrucutral and isoelectronic ver-
sion of the nodal line semimetal ZrSiS [48, 60]. The crystal
structure is composed of CeTe bilayers that are separated by
a square-net layer of Sb; the layers stack along c (see inset of
Fig. 1). The Ce atoms form a square network arrangement and
the intralayer distance of Ce atoms is 4.37 A˚, whereas the in-
terlayer distance is 5.26 A˚ within a bilayer and 6.02 A˚ across
a bilayer. ZrSiS and related compounds have been shown to
exhibit a diamond shaped Dirac line node as well as four-fold
degenerate nodes at the X, R, M and A points of the Bril-
louin zone (BZ) [45, 48, 49, 60–64]. The latter ones are a
result of the nonsymmorphic glide planes in the space group
P4/nmm. While the Dirac line node is gapped by spin orbit
coupling (SOC), the degeneracies that result from nonsym-
morphic symmetry are not affected by SOC. The nonsymmor-
phic degeneracies can be above, below, or right at the Fermi
level, depending on the c/a-ratio of the lattice constants [45].
For further information on the crystal structure and sample
quality see HRTEM images with atomic resolution in the SI.
The clarification of the crystal structure allows us to cal-
culate the electronic band structure, to find out if the sys-
tem is not only structurally but also electronically similar to
ZrSiS and related nonsymmorphic Dirac materials. An ex-
cerpt of the calculated electronic structure, without consider-
ing magnetic order, can be found in Fig. 2(a), showing the ex-
pected nonsymmorphically protected four-fold degeneracies
at M, and a more detailed discussion will follow later in the
paper. Since DFT on f electron systems has been proven to
be challenging, we performed ARPES measurements on the
paramagnetic phase (samples were measured at room temper-
ature without a magnetic field), to confirm the predicted elec-
tronic structure. Fig. 2(b) displays the measured dispersion
along ΓMΓ. Almost all bands are clearly resolved in the mea-
surement. Some bulk bands are not visible, which we attribute
to matrix element effects (see SI for more ARPES data along
different high symmetry lines). Overall, the room tempera-
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Figure 1. Refined neutron diffraction data taken at 5 K. Small impu-
rity peaks were excluded from the refinement. The upper inset shows
an SEM image of a typical crystal of CeSbTe, the lower inset shows
a drawing of the crystal structure of CeSbTe.
ture electronic structure of CeSbTe is in good agreement with
the predicted paramagnetic band structure. We thus can be
confident that further DFT predictions in this manuscript are
sufficiently reliable.
SOC4+4GGA(a)
Γ M Γ
E
4(e
V)
i
Γ M Γ
hν =4704eV
linear4horizontal4polarization
-1 -0.5 0 0.5 1
0
-1
-2
-3
-4
(b)
-1k 4(Å )x
E
4(e
V)
i
0
-1
-2
-3
-44
Figure 2. (a) Calculated bulk band structure plotted along ΓMΓ. (b)
Dispersion along ΓMΓ, measured with ARPES, in comparison to the
calculation. The crossings at M are sketched on top of the measured
data. Except for the energy scaling, the measured band structure is
in perfect agreement with the calculations.
Temperature dependent measurements of the magnetic sus-
ceptibility of a single crystal of CeSbTe are shown in fig-
ure 3(a). The field was applied along the c-axis (see SI for
the other field orientation). For data with low field strengths
the susceptibility shows a sharp cusp at the Ne´el temperature
TN = 2.75 K, indicative of the emergence of AFM order be-
low this temperature. For field strengths larger than 0.25 T
the cusp disappears and the susceptibility keeps increasing
with decreasing temperature, saturating at very low temper-
atures, reminiscent of FM behavior. Curie-Weiss fits (see
SI) reveal an effective moment of 2.50µB per formula unit
which matches the expected free ion value of 2.54µB for a
Ce3+ ion well. Deviations from the Curie-Weiss law at low
temperatures are due to crystal electric field (CEF) splitting
of the six-fold degenerate ground state of Ce3+. Fits of the
susceptibilities indicate a separation of the first excited CEF
doublet of ≈150 K. The field dependent data (Fig. 3(b)) elu-
cidate the transition from AFM to FM phase; at a field of
µ0Hc = 0.224 T, the field dependent susceptibility shows a
sudden increase. As shown in Fig. 3(a) the required field is
higher (1.75 T) if the field is applied perpendicular to the c-
axis, and the jump is less pronounced. This indicates that the
moments prefer to align along the c-axis (easy axis). Inter-
estingly, the expected saturation moment of a Ce3+ ion (1µB
per Ce) is reached faster if the field is aligned perpendicular
to the c-axis which indicates an easy plane for the magneti-
zation. Similar field dependent magnetic transitions have also
been observed in different square lattice Ce compounds, such
as CeTe2 or CeSbSe [65–68].
The magnetic transition was additionally investigated with
specific heat measurements (see Fig. 3(c)). At zero field, a
magnetic transition is clearly visible at 2.7 K, agreeing well
with the susceptibility data. While the transition is shifted to
slightly lower temperatures with a small applied field (here
the field is applied along the c-axis), which is typical for anti-
ferromagnetic order, it shifts to higher temperatures when the
applied field is larger that 1 T, as expected for ferromagnetic
order. The crossover between the two different types of mag-
netic order is therefore also reflected in the specific heat. For
information about the magnetic entropy, see SI.
To analyze the low field magnetic structure of CeSbTe,
neutron powder diffraction measurements were performed.
Some refinements are shown in Fig. 3(d), and more detailed
figures and tables with refined parameters can be found in
the SI. As mentioned before, at 5 K, above the Ne´el tempera-
ture, the refinement yields the tetragonal space group P4/nmm,
in agreement with the results form SXRD and PED. Upon
cooling, additional Bragg peaks appear, due to magnetic or-
der. These extra reflections can be indexed with a propaga-
tion vector k = (0, 0, 12 ), and the absence of the (00l± 12 ) re-
flections clearly indicates that the spins are oriented along the
c direction, matching the indications from the susceptibility
data (see SI for details). The magnetic structure was solved at
1.5 K with a doubling of the unit cell along c in the magnetic
space group Pc4/ncc (No. 130.432, type IV) corresponding
to the mZ+1 irreducible representation (see Fig. 3(d) for a fit
of the nuclear and magnetic contributions as well as just the
pure magnetic diffraction pattern). A drawing of the magnetic
structure can be found in Fig. 4. In each Ce single layer the
spins are ferromagnetically arranged and coupled antiferro-
magnetically with the following layer, forming an antiferro-
magnetic bilayer. The bilayers are then coupled antiferromag-
netically with each other, which causes the doubling of the
unit cell along c. Further information regarding the magnetic
structure solution is given in the SI.
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Figure 3. Magnetic Properties of CeSbTe. (a) Temperature dependent magnetic susceptibility; different colored lines represent different
applied field strengths (H ‖ c). (b) Field dependent magnetic susceptibility; different colors represent different temperatures. Below TN, a
field dependent magnetic transition is observed that is reached at lower field strength for H ‖ c, but the saturation moment is reached faster
with H ⊥ c. (c) Specific heat of CeSbTe. The magnetic transition is clearly visible at 2.7 K. The inset shows the behavior with different
applied field strengths. (d) Refinement of neutron diffraction data taken at 1.5 K, below the magnetic transition. The lower panel shows the
pure magnetic diffraction pattern, which was obtained by subtracting the 5 K data from the 1.5 K data. The flat region in the difference line
corresponds to regions excluded from the refinement, due to the presence of a small unknown impurity.
5The magnetic phase diagram of CeSbTe is summarized in
Fig. 4, which includes the results of the susceptibility, spe-
cific heat and neutron diffraction measurements, measured on
multiple and distinct single crystals. In order to find the hy-
pothetical zero field magnetic transition temperature from the
susceptibility data we used the Arrott plot analysis (see SI for
additional information). The transition temperatures in the
susceptibility data were inferred from the derivative dχ/dT .
There are three regions in the phase diagram; at temperatures
below TN = 2.75 K and µ0Hc = 0.224 T the spins order
antiferromagnetically, above the critical field, they switch to
a ferromagnetic type order, and above TN and low field, the
material is paramagnetic. Note that the spin flop transition to
the ferromagnetic phase happens at higher field strength if the
field is aligned perpendicular to the c-axis. Depending on the
field alignment the spins can be adjusted to point in different
crystallographic directions.
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Figure 4. Magnetic phase diagram of CeSbTe. Three different mag-
netic phases can be observed within a low field limit. The magnetic
structures of the different phases are shown in the respective regions.
Different colored dot shapes belong to different samples and differ-
ent measurement techniques, respectively.
DISCUSSION
The different possibilities of magnetic order are expected to
have a significant effect on the electronic structure of CeSbTe.
In the paramagnetic case, TRS is preserved, conserving the
four-fold degeneracies at the nonsymmorphically protected
high symmetry points. In the antiferromagnetic and ferromag-
netic phases it is broken, which likely leads to a lifting of de-
generacies. Figure 5(a) shows the calculated band structure of
the paramagnetic phase of CeSbTe. Without consideration of
f -electrons and spin-polarization, four-fold degenerate lines,
protected by joint IS, TRS, and nonsymmorphic symmetries
exist on the boundary of the BZ, such as that along RX, sim-
ilar as in ZrSiS and related compounds [49]. At the X point,
one of these crossings appears very close to the Fermi level
(see green highlight). Further four-fold degeneracies appear
at M and A, but those are much further away from the Fermi
level. Along ΓZ there is a slightly tilted Dirac crossing that is
protected by the four-fold rotation symmetry in the tetragonal
space group P4/nmm.
If magnetism is included in the calculation, the electronic
structure is affected rather severely dependening on the type
of magnetic order and the orientation of the spins. As long
as spin-polarization is taken into consideration, the symme-
try is reduced by breaking TRS, leading to splitting of the
four-fold degenerate lines. Fig. 5(c) shows the region around
the X point, when different types of spin polarizations are in-
cluded in the calculation. For complete plots of the electronic
structure including spin polarization, see SI. Without SOC, the
nonsymmorphic symmetryC2x = {C2x|( 12 , 0, 0)} guarantees
the double degeneracy at X point. With SOC, each band re-
mains two-fold degenerate, since (TI)2 = −1, where T is
time-reversal symmetry and I is the spatial inversion symme-
try. The screw C2x anticommutes with I at the X point, lead-
ing to a four-fold degeneracy [39]. When a ferromagnetic spin
polarization is taken into account, time reversal symmetry is
broken and the Dirac point at X splits correspondingly. The
details of the band structure are strongly dependent on the ori-
entation of the magnetization. If the spins are aligned along
[001], only TRS is broken, while the anti-unitary combina-
tion of the nonsymmorphic symmetry C2x and time-reversal
C2xT is preserved. Therefore, the four-fold degeneracy is
reduced to a double degeneracy at X as well as doubly de-
generate bands for all k = (±pi, ky, kz). Note that this sce-
nario appears below 2.75 K and µ0Hc = 0.224 T, if the field
is aligned along the crystallographic c axis. If the spins are
aligned along [100], only the unitary nonsymmorphic symme-
try C2x remains. A new anti-unitary symmetry MzT (where
Mz is a mirror operation) is present additionally, protecting
a double degeneracy along the line XR. The same symme-
try appears for a FM spin orientation along the [110] direc-
tion. In the AFM phase, even if TRS is not a symmetry of
the Schro¨dinger Hamiltonian anymore, the symmetry element
{1¯|(0, 0, 12 )} squares to −1 and maps k to k, such as TRS
would do in space group 130. This is a result from the doubled
c-axis in this phase. Therefore, although CeSbTe crystallizes
in space group 129, its AFM phase behaves like a material
in space group 130 with TRS. This causes the bands to be
four-fold degenerate at X, R and M and eight-fold at A at
Ei = −4.6 eV, see Fig. 13 in the SI). We can conclude that
AFM order is a possibility to create higher order degeneracies
that are associated with new types of topological phases in
space groups that have previously not been considered. This
considerably extends the amount of materials that can exhibit
such unconventional quasiparticles.
The changes in symmetry also affect the electronic struc-
ture away from high symmetry points. For example, two-fold
degenerate Weyl points appear close to the X point if the spins
are aligned along [001]. Additionally, there is an effect on
the tilted four-fold degenerate Dirac crossing along the ΓZ
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Figure 5. Band structure of CeSbTe. (a) Calculated paramagnetic band structure including SOC. The green and orange box highlight the
nonsymmorphic Dirac and the tilted Dirac crossing, respectively. (b) Symmetry groups of the different accessible phases. (For drawings of
the respective magnetic structures see Fig. 12 in the SI) (c) Detailed plots of the region around the X point and how different types of magnetic
order affect the electronic structure. (d) Detailed plots of the region along ΓZ and the affect of magnetic order.
7direction (Fig. 5(d)). In the ferromagetic phase, with spins
aligned along the [001], one of these bands splits, whereas the
other one remains degenerate, resulting in a triply degenerate
point close to the Fermi level that is composed of two differ-
ent irreducible representations of 2+1 dimensions along the
line Λ connecting Γ and Z. Triply degenerate band crossings
have also been associated with the possibility to create double
Fermi arcs at the surface [40].
CeSbTe is thus a unique material that allows access to
many different magnetic groups that allow for irreducible rep-
resentations in various dimensionalities. Fig. 12 in the SI sum-
marizes the accessible magnetic groups and how the system
can be transformed to exhibit each symmetry. Drawings of
the crystal structure of CeSbTe in each magnetic group are
also shown in the same figure. The different dimensions of the
irreducible matrix representations at each time reversal inver-
sion momentum point are also given in the SI. The magnetic
groups that are accessible in CeSbTe can either be symmor-
phic or nonsymmorphic, which adds to the richness of differ-
ent irreducible representations accessible.
CONCLUSION
In conclusion, we showed that the tetragonal compound
CeSbTe can host many different topological features in its
electronic structure, ranging from four-fold and two-fold
Dirac and Weyl crossings to more exotic eight-fold and three-
fold degeneracies. Due to the easy access to several different
magnetic phases, this system is a rich playground to study
the effects of symmetry breaking due to magnetic order on
different types of Dirac crossings, as well as on higher order
degeneracies that result from nonsymmorphic symmetry. In
particular, the AFM phase is represented by a space group of
higher symmetry order, the nonsymmorphic group Pc4/ncc.
Due to the added symmetry elements, the material shows the
same irreducible representations as materials that crystallize
in space group 130 with TRS. As a consequence, CeSbTe is
a unique nonsymmorphic magnetic topological material that
displays exotic states such as eight-fold new fermions. This
concept can also be extended to further materials crystallizing
in space group 129 (a much more abundant space group com-
pared to 130), significantly increasing the available materials
that could host new fermions. Due to the difficulty of taking
ARPES spectra in the presence of a magnetic field, future in-
vestigations of CeSbTe with scanning tunneling microscopy
(STM) are of high interest.
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